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Mechanical stress reduces podocyte proliferation in vitro
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Mechanical stress reduces podocyte proliferation in vitro. include the synthesis of matrix proteins of the glomerular
Background. Mechanical stretch, a consequence of capillary basement membrane and the maintenance of glomerular
glomerular hypertension, is thought to be the common final barrier function [2]. An important podocyte function ispathway for glomerulosclerosis in systemic hypertension, dia-
its role in counteracting capillary wall distension [3].betes, reduced nephron number and focal segmental glomeru-
Under normal physiologic states, glomerular capillarieslosclerosis. However, the effects of stretch on podocyte growth
and the mechanisms that underlie this have not been elucidated. are exposed to hydrostatic pressure gradients (Pgc) up
Methods. Mouse podocyte growth (3H-thymidine, MTT-assay, to 40 mm Hg, which are typically higher than in other
FACS) was measured following the application of mechanical capillary beds [4]. However, in certain renal diseasesstretch created by vacuum. The expression of specific cell cycle
such as diabetic nephropathy, systemic hypertension andregulatory proteins was examined by RNAse protection assay
reduced nephron mass, intraglomerular capillary pres-and Western blot analysis. Control cells were grown under
similar conditions, but were not exposed to stretch. sure increases further, resulting in glomerular hyperten-
Results. Mechanical stretch decreased DNA-synthesis (3H-thy- sion [5]. The increase in glomerular pressure is transmit-
midine incorporation) and cell number (MTT-assay) in podo- ted to the resident cells of the glomerulus (podocytes,cytes at 24, 48 and 72 hours (P 0.001 vs. control non-stretched
mesangial and endothelial cells). Previous studies havecells), which was not due to apoptosis (Hoechst staining) nor
shown that mechanical stress arising from glomerularcell detachment. Stretch decreased the mRNA and protein
levels of cyclins D1, A and B1 within 24 hours. Stretching cells hypertension causes injury to mesangial and endothelial
decreased the activity of Cdk2 (measured by histone H1 kinase cells [6, 7]; stretching these cells in vitro results in an
assay) at 48 and 72 hours and Cdc2 at 72 hours. In contrast, increase in cell proliferation [8], growth factor [9] andstretch increased the protein levels of the cyclin dependent
extracellular matrix protein synthesis [10], and activationkinase inhibitors (CKI) p21Cip/Kip/Waf (p21) and p27Kip1 (p27)
within the first 24 hours, and increased the mRNA levels of of specific intracellular signaling pathways [11].
p57Kip2 (p57) at 72 hours. To examine the role of p21 in inhib- Proliferation is governed by cell cycle regulatory pro-
iting proliferation induced by stretch, we studied p21/ podo- teins [12, 13]. Cyclins must bind to and activate specific
cytes in culture. Stretch did not reduce proliferation in p21/
cyclin dependent kinases (CDK) in each phase of thepodocytes (P  0.05 vs. non-stretched podocytes; P  0.001
cell cycle [14]. Conversely, CDK-inhibitors bind to andvs. stretched p21/ podocytes).
Conclusions. In contrast to mesangial cells, mechanical inhibit target cyclin-CDK complexes [15]. Studies have
stretch decreases the growth of podocytes. This effect is medi- suggested, that unlike mesangial and endothelial cells,
ated through the regulation of specific cell cycle regulatory podocytes do not typically proliferate in response to in-
proteins. These events may explain the apparent lack of podo-
jury [16, 17]. Accordingly, in this study we determinedcyte proliferation in diseases correlated with capillary glomeru-
the effect of mechanical stress on podocyte proliferation,lar hypertension.
and its regulation at the level of the cell cycle. Our results
show that, in contrast to mesangial cells, stretching podo-
cytes in vitro reduces proliferation, and this is governedThe podocyte (also called the visceral glomerular epi-
by the CDK-inhibitors p21Cip/Kip/Waf (p21), p27Kip1 (p27)thelial cell) is a terminally differentiated and highly spe-
and p57Kip2 (p57).cialized cell type in the glomerulus [1]. Critical functions
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containing 5% fetal bovine serum (FBS; Summit Biotech- and protein was precipitated with ice-cold 10% trichloro-
acetic acid for 15 minutes. Cells were solubilized withnology, Ft. Collins, CO, USA), penicillin (100 U/mL),
0.4 mol/L NaOH at 60C and the NaOH neutralized withstreptomycin (100 g/mL) and glutamine (2 mmol/L; all
0.2 mol/L glacial acetic acid. One aliquot was used forIrvine Scientific, Santa Ana, CA, USA) at 37C in 95%
measurement of 3H-incorporation in a Beckman LS 7500air/5% CO2. Podocytes were then transfered and subse-
scintillation counter, and another aliquot was used forquently grown on collagen I coated plates. Podocytes
protein measurement with the DC protein assay (Bio-were identified by previously described criteria [19], in-
Rad Laboratories, Hercules, CA, USA). Radioactive in-cluding positive staining for synaptopodin (gift of Peter
corporation was corrected for protein content and wasMundel, Einstein College of Medicine, NY, USA) and
reported as counts per min/g protein.Wilm’s tumor-1 (WT-1; Santa Cruz Biotechnology, Santa
MTT-assay. Cell number was assessed by 3-[4,5]di-Cruz, CA, USA) and the absence of markers for mesan-
methylthiazol-2,5diphenyltetrazolium bromide (MTT)gial cells (-smooth muscle actin staining) and endothe-
assay (Promega, Madison, WI, USA) according to thelial cells (factor VIII immunostaining).
instructions of the manufacturer. This assay is a non-
radioactive cell proliferation assay that identifies livingExperimental design
cells, and is based on the cellular conversion of a tetrazo-
To determine the effect of stretch on podocyte prolif- lium salt into a formazan product, a chromaphore, which
eration, mouse podocytes were plated onto six-well, flex- can be quantified by enzyme-linked immunosorbent
ible-bottom plates coated with bovine type I collagen assay (ELISA).
(Flexcell International Corp., Hillsborough, NC, USA) Flow cytometry. Cells were isolated by trypsin/colla-
at a confluency of about 10 to 20%. Cells were allowed genase digestion, neutralized by serum and pelleted by
to attach overnight in media containing serum, and cells centrifugation at 1000  g for five minutes at room tem-
were washed twice with HPBS the next day to remove perature. Cell pellets were washed twice with ice-cold
non-attached cells. Podocytes were synchronized into phosphatase-buffered saline (PBS), fixed in 70% ice-cold
quiescence by serum deprivation for 48 to 72 hours. ethanol and stored at20C. Prior to flow cytometry anal-
To test the hypothesis that stretch reduced podocyte ysis, cells were washed with PBS, treated with RNAse A
proliferation, serum-free medium was changed to me- (500 U/mL) and stained with propium iodide (50 g/mL;
dium containing 5% serum (used as a source of growth Sigma, St. Louis, MO, USA). Cell cycle distribution as-
factors), and podocytes were exposed to continuous cy- sessments were performed using a FACScan flow cyto-
cles of stretch/relaxation produced by a computer-driven meter (Becton Dickinson Immunocytometry Systems,
San Jose, CA, USA); at least 10,000 cells per sample weresystem (Flexercell Strain Unit 2000; Flexcell Corp.) ac-
analyzed. Analysis was quantified by FlowJo software.cording to the manufacturer’s directions. To determine
All proliferation studies were performed a minimumthe optimal experimental conditions, podocytes were ex-
of three times.posed to either continuous or cyclic mechanical stretch
where tensions generated ranged from 5 to 20% biaxial
Western blot analysissurface elongation.
Western blot analysis was used to measure proteinBased on our preliminary data, stretch cycles of 0.5
levels of specific cell cycle proteins in stretched and con-second of stretch and 0.5 second of relaxation were cho-
trol (static) cells. Cells were isolated at 1, 6, 12, 24, 48sen for a total of 60 cycles per minute. The vacuum
and 72 hours from static and stretched plates by trypsin/pressure was 30.92 kPa, which induced an average of
collagenase digestion, and lyzed in “TG-buffer” contain-5% circumferential radius elongation in the surface of
ing 1% Triton, 10% glycerol, 20 mmol/L HEPES andthe culture plates. Experiments were performed at 24,
100 mmol/L NaCl with a mixture of protease inhibitors48, and 72 hours after the initiation of stretch. At each
(Boehringer Mannheim Biochemica, Mannheim, Ger-time point, control cells were grown under identical con-
many) as previously described [20]. Total protein con-
ditions, but were not exposed to stretch (that is, static centration was measured by the BCA Protein Assay Kit
conditions). All experiments described below were per- (Pierce, Rockford, IL, USA) according to the manufac-
formed a minimum of three times. turer’s instructions. For Western blot analysis, reducing
buffer was added to 5 to 20 g of protein extract, boiledMeasuring cell proliferation
for five minutes and then each sample was seperated on
Thymidine incorporation. DNA synthesis was assessed 7.5 or 15% PAGE precast gels (BMA, Rockland, ME,
at 24, 48 and 72 hours by measuring the incorporation USA). Gels were blotted for one hour on PolyScreen
of 3H-thymidine into DNA [20]. In brief, 4 C of 3H-thy- PVDF Transfer Membranes (NEN Life Science Prod-
midine (NEN Life Science Products, Boston, MA, USA) ucts); non-specific background was blocked by washing
was added to 2 mL of medium and incubated for four with 5% non-fat dried milk in TBST buffer for 30 min-
hours prior to harvest at 37C under stretch and static utes followed by incubation with the primary antibody
overnight.conditions. Cells were washed three times with cold PBS,
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The following primary antibodies were used: Cdk2 specific for the mouse sequences of cyclins D1, D2, D3,
A, and B1, Cdk2, Cdk4 and Cdc2, p21 and p27. GAPDH(1:1000 dilution; Santa Cruz Biotechnology), cyclin A
(1:4000 dilution; Santa Cruz Biotechnology), Cdc2, cyclins and L32 were used as housekeeping genes. A radioac-
tive RNA probe was synthesized by transcribing theB1, D1, D2 and D3 (all 1:200 dilution; obtained from
Neomarkers, Fremont, CA, USA), p27 (1:1000 dilution; templates with T7 RNA polymerase and 32P-UTP. After
DNAse digestion and several precipitation and washingTransduction Laboratories, Lexington, KY, USA), p21
(1:200 dilution; PharMingen, San Diego, CA, USA) and steps, radioactive incorporation was measured in a Beck-
man LS 7500 scintillation counter. The probe was dilutedproliferating cell nuclear antigen (PCNA; 1:10000 dilu-
tion; Sigma). After washing with TBST buffer, membranes to the recommended concentration by the hybridization
buffer. Three to five micrograms of total RNA were hy-were incubated with an alkaline phosphatase (AP)-con-
jugated secondary antibody for one hour at room tem- bridized overnight at 56C with the diluted probe. Single
stranded RNA was digested by an RNAse A  T1 mixperature. Secondary antibodies were anti-mouse IgG
(HL) AP conjugate and anti-rabbit IgG (Fc) AP conju- and the double-stranded RNA precipitated, washed and
solubilized in loading buffer. Samples were seperated ongate (all 1:2000 dilution; Promega). Protein bands were
made visible with the chromagen 5-bromo-4-chloro-3- a pre-cast polyacrylamide QuickPoint gel (Novex, San
Diego, CA, USA), and the gel was exposed to audoradio-indolylphosphate/nitro blue tetrazolium (Sigma). To en-
sure that the results obtained by Western blot analysis graphic film for densitometry measurement.
RT-PCR. After DNase digestion 0.2 g of total RNAwere not due to unequal protein loading or protein trans-
fer, Western blot analysis was routinely performed to actin was reverse transcribed (RT) by Reverse Transcriptase
(Life Technologies, Rockville, MD, USA) in a 20 L vol-(1:4000 dilution; Boehringer Mannheim) and alpha-/beta-
tubulin (1:2000 dilution; Neomarkers). ume. One microliter of the reaction volume was used in a
polymerase chain reaction (PCR) volume of 50 L (re-
Histone H1 kinase assay agents supplied in the Superscript Amplification Set; Life
The activity of Cdk2 and Cdc2 was quantified by the Technologies). The primer sequences for p57 were 5	-TT
histone H1 kinase assay by immunoprecipitating 20 g CTTCGCCAAGCGCAAGAG-3	 (upstream) and 5	-AA
of protein with antibodies to Cdk2 and Cdc2 for 30 min- CCATCTCCGGTTCCTGCT-3	 (downstream). An an-
utes at 4C. Fifty microliters of Protein G Sepharose 4 nealing temperature of 56C was selected, the magne-
Fast Flow beads (Pharmacia Biotech, Piscataway, NJ, sium concentration was 1.5 mmol/L. GAPDH was used
USA) were added to each sample and incubated for 30 as the housekeeping gene with 5	-CTCACTCAAGAT
minutes at 4C [21]. This was followed by the addition TGTCAGCAA-3	 as the upstream and 5	-AGATCC
of histone H1 (Boehringer Mannheim), adenosine 5	-tri- ACGACGGACACATT-3	 as the downstream primer.
phosphate (ATP; Pharmacia Biotech) and 32P ATP (NEN The optimal number of cell cycles for both mRNAs was
Life Science Products) for a 60 minute incubation at determined by semiquanitative PCR and was finally de-
37C. Reduced sample buffer was then added, and the cided to be 30 for p57 and 18 for GAPDH. A negative
mix was seperated on a 15% sodium dodecyl sulfate- control was also performed to exclude contamination of
polyacrylamide gel electrophoresis (SDS-PAGE). Gels the buffers and enzymes used in the experiments.
were exposed to autoradiographic film (Amersham, Ar-
lington, IL, USA) overnight. Each assay was repeated RESULTS
three times.
Response of podocytes to stretch
Measuring mRNA levels in stretched cells Five percent stretch was used in all studies, which has
To determine the mRNA levels of specific cell cycle been shown by others to correlate with physiological
proteins, total RNA was extracted from static and conditions in vivo [23]. After three days of stretch, podo-
stretched cells at 24, 48 and 72 hours by the Trizol method cytes reoriented their position in a perpendicular direc-
(Sigma) [22]. In brief, cells were solubilized in 1 mL tion to the stretch. Using light and electron microscopy,
Trizol and 200 L of chloroform. Samples were shaken we noted that stretch did not cause induction of foot
vigorously and the mixture centrifuged at 12,000  g processes in cultured podocytes (results not shown).
for 15 minutes at 4C. The upper aqueous phase was Stretch did not affect the levels of WT-1 when measured
transferred to a fresh tube and mixed with 500 L of by immunofluorescence and Western blot analysis (re-
isopropanol and RNA precipitated by centrifugation for sults not shown). Stretch exceeding 10% was associated
10 minutes at 12,000  g at 4C. The pellet was washed with increasing podocyte detachment on day 4.
with 70% ethanol and dissolved in H2O. RNAse protec-
Mechanical stress decreases podocyte proliferationtion and RT-PCR were used to measure the mRNA
levels of specific cell cycle proteins. Proliferation was measured by three methods and each
experiment was performed a minimum of three times.RNAse protection assay. A Riboquant assay (Phar-
Mingen) was used generating single-stranded RNA probes When quiescent, control (static) podocytes were exposed
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Fig. 1. 3H-thymidine incorporation. DNA synthesis was measured by
3H-thymidine incorporation into DNA, and expressed as a percent
Fig. 2. MTT assay. Cell proliferation was measured by the MTT assay.change in stretched cells compared to static (control) cells at each time
Stretch () decreased cell proliferation at 48 and 72 hours compared topoint. Stretch significantly decreased DNA synthesis at each time point
static cells () (*P 0.001 vs. baseline; **P 0.01 vs. control static cells).studied compared to control cells (*P  0.001).
mRNA and protein levels of specific cell cycle regulatoryto serum (a source of growth factors), there was a signifi-
proteins. Stretch reduced the protein levels of cyclinscant increase in 3H-thymidine incorporation at each time-
D1, A and B1 at both early (24 hours; Fig. 5A) andpoint (Fig. 1). However, stretching cells that were grown
late (24 to 72 hours) timepoints (Fig. 5B). Stretch alsounder similar conditions markedly reduced the rate of
decreased the mRNA levels of cyclins D1, A and B1,3H-thymidine incorporation into DNA (Fig. 1). To deter-
measured by RNAse protection assay (Fig. 6). No sig-mine if the antiproliferative effect of stretch also reduced
nificant change could be detected in any mRNA (Fig. 6)podocyte number, cell counts were measured by the MTT
and protein levels for cyclin D2 (not shown) in quiescentassay. As expected, there was an increase in cell number
or proliferating podocytes. There was a small but signifi-in static podocytes grown in serum (Fig. 2). In contrast,
cant increase in the mRNA levels of cyclin D3 at 24 hourscell number was significantly reduced in podocytes grown
(Fig. 6) and also in cyclin D3 protein levels (Fig. 5B) atin the presence of serum when exposed to stretch for 48
12 and 24 hours in stretched podocytes compared toand 72 hours (Fig. 2). Podocyte proliferation was only
control cells. The changes observed could not be attrib-inhibited during periods of active stretch. The release of
uted to differences in loading or product degradation,stretch was associated with an increase in cell number
because the expression of the housekeeping proteins tu-(results not shown).
bulin (Fig. 5) and actin (not shown) and the housekeep-To determine in which cell cycle phase podocytes
ing gene GAPDH (Fig. 6A) remained constant underunderwent arrest when exposed to stretch, flow cytom-
stretched conditions. The blots shown are representativeetry was performed. As shown in Figure 3 and Table 1,
of three different experiments.stretch caused a delay in the progression from G0-phase
Cyclins bind to and activate specific partner CDKs.to S-phase in the first 24 hours. The majority of podocytes
Cdk2 activity remained elevated in proliferating podo-were in G0-G1 phase at 72 hours following stretch (Ta-
cytes grown under static conditions (Fig. 7). In contrast,ble 1), consistent with podocytes exiting the cell cycle
stretch caused a marked decrease in Cdk2 mRNA at 24into a quiescent state. The decrease in podocyte prolif-
hours (Fig. 6) and protein levels at 24, 48 and 72 hourseration was not due to increased cell loss from detach-
(Fig. 5B), and this was associated with a decrease inment (results not shown) nor an increase in apoptosis
Cdk2 activity at 48 and 72 hours (Fig. 7). Cdc2 is the(Fig. 4). Taken together, these results showed that podo-
partner for cyclin B1. The protein levels for Cdc2 (Fig. 5)cyte proliferation was inhibited by stretch, an event that
increased in proliferating podocytes grown under staticoccurred in the G0-G1 phase of the cell cycle.
(control) conditions. In contrast, stretch decreased the
Stretch decreases levels of specific cyclins and CDKs mRNA levels for Cdc2 at 24 hours, which was accompa-
nied by a decrease in protein levels at 48 and 72 hoursWe were interested to delineate the mechanisms un-
(Figs. 6 and 5). This was associated with a concomitantderlying the anti-proliferative effects of stretch on podo-
cytes at the level of the cell cycle, by measuring the decrease in Cdc2 activity, with a nadir at 72 hours (Fig. 7).
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Fig. 3. Flow cytometry analysis in normal podocytes. The phases of the cell cycle were measured by FACS analysis in wildtype podocytes under
static (A, C, E) and stretched (B, D, F ) conditions at 24, 48 and 72 hours.
Taken together, these results show that stretch de- In this study we focused on the Cip/Kip family of CDK-
creases the mRNA and protein levels for specific cyclins inhibitors (p21, p27 and p57) because we have previously
and CDKs, which also was associated with a decrease in shown these to be important in the regulation of podo-
the activity of Cdk2 and Cdc2. cyte growth. Stretch was associated with a small increase
in protein levels for p21 at 6 and 12 hours, which normal-
Stretch increases the expression of CDK-inhibitors ized by 24 hours (Fig. 5A). As expected, the protein
levels for p21 increased at 48 and 72 hours in controlProliferation is limited by CDK-inhibitors that bind
to and reduce the activity of cyclin-CDK complexes [24]. (proliferating) cells exposed to serum without stretch.
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Table 1. Phases of the cell cycle
24 hours 48 hours 72 hours
Cell cycle
phases Baseline      
G0/G1 90.0% 63.3% 71.0% 68.5% 68.5% 63.1% 79.3%
S 2.5% 23.7% 27.3% 19.6% 19.0% 24.3% 11.0%
G2/M 6.6% 12.7% 1.7% 11.9% 12.5% 12.6% 9.7%
The percentage of cells in each phase of the cell cycle is shown in static ()
and stretched () cells at each time point. There was an initial delay in cell
cycle progression within the first 24 hours in cells exposed to stretch, resulting
in fewer cells in the G2/M phase at this time point. At 72 hours, there was an
increase in the percentage of stretched cells in G0/G1 phase, and a decrease in
the percentage of stretched cells in S and G2/M phases compared to controls.
In contrast, stretch prevented the increase in p21 levels
at these time points; stretch also reduced p21 expression
compared to baseline. Stretch also decreased p21 mRNA
levels at 24 hours (Fig. 6).
The protein levels of p27 decreased in proliferating
podocytes grown under static conditions. In contrast,
p27 protein levels increased in stretched podocytes at
24 hours and normalized at 48 hours compared to control
cells (Fig. 5A). Moreover, the increase in p27 protein
levels was accompanied by an increase in p27 mRNA
level (Fig. 6).
The mRNA levels of p57 were also measured. As
shown in Figure 8, p57 mRNA levels were increased at
72 hours in stretched cells compared to static cells, but
the increase was delayed compared to changes in p21
and p27. Taken together, these results show that the
levels of the Cip/Kip family of CDK-inhibitors increased
following stretch, and that the onset and duration of
each was differentially regulated. Fig. 4. Hoechst staining in stretched (A) and static (B) podocytes at
72 hours. Apoptosis did not increase in stretched or static cells.
Stretch does not inhibit proliferation in
p21/ podocytes
Because levels of the CDK-inhibitor p21 increased
glomerular hypertension causes podocyte injury have
early in podocytes placed under mechanical stress, we
been difficult to study in vivo. Accordingly, our study used
also studied podocytes in culture derived from p21/
a cell culture model in which podocytes in vitro were ex-
mice. Proliferation in p21/ podocytes was measured
posed to mechanical stress, thus simulating the capillary
by flow cytometry (Fig. 9). In contrast to control p21/
ballooning caused by glomerular hypertension. Our re-podocytes that growth arrested upon stretch, stretching
sults show that stretch decreases podocyte proliferation,p21/ podocytes did not inhibit proliferation induced
and that this was associated with an increase in the CDK-by serum (Table 2). These results suggest that CDK-
inhibitors p21, p27 and p57. However, proliferation ininhibitors are critical regulators of stretch-induced anti-
p21/ podocytes was not reduced by stretch. Theseproliferation in podocytes.
results show, to our knowledge for the first time, that
mechanical stress limits the proliferative capability of
DISCUSSION podocytes, and this may explain why podocytes are un-
able to proliferate following injury in states of increasedThe hallmark of progressive glomerulosclerosis in dia-
glomerular pressure associated with podocyte loss.betic nephropathy, systemic hypertension, reduced neph-
Previous studies have shown that, in contrast to otherron mass and focal segmental glomerulosclerosis is an
glomerular cell types, podocytes do not typically under-increase in intraglomerular capillary pressure (Pgc), also
go a marked proliferative response to injury [28]. Kriz,called glomerular hypertension [5, 25]. This causes podo-
Rennke and others have proposed that the apparent lackcyte injury, which is associated with a decrease in podo-
cyte number [26, 27]. However, the mechanisms whereby of podocyte proliferation underlies the development of
Fig. 5. (A) Western blot analysis of cell cycle proteins in stretched ()
and static () podocytes within 24 hours. In control (static) cells there
was an increase in the protein levels of cyclins D1 at 12 hours and
cyclins A and B1 at 24 hours. Exposing podocytes to mechanical stretch
decreased the levels of cyclins D1, A and B1. Cyclin D3 levels showed
a moderate increase in stretched cells compared to static cells at 12 and
24 hours. Cdk2 protein levels remained constant under both experimen-
tal conditions and also Cdc2 only showed minimal changes on the
protein level by stretch. There was a transient increase in p21 levels at
6 and 12 hours in stretched cells compared to controls. The levels of
p27 increased in stretched cells at 24 hours. There was no change in
the housekeeping protein tubulin. (B) Western blot analysis of cell cycle
proteins in podocytes after 24 hours of stretch. Stretch () decreased the
protein levels of cyclins D1, D3, A and B1 compared to static () cells.
Stretch also decreased Cdk2 and Cdc2 protein levels. Stretch increased
p27 levels at 24 hours, which normalized by 48 hours. The protein levels
for p21 and PCNA were lower in stretched cells compared to static
cells at each time point. Stretch did not alter the levels of the housekeep-
ing protein Tubulin.
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Fig. 7. Effect of mechanical stress on Cdk2 and Cdc2 activity. The
activity of Cdk2 and Cdc2 was measured by the histone 1 kinase assay.
Total protein lysates from stretched () and control static () cells
were immunoprecipitated with antibodies to Cdk2 or Cdc2. Stretch
reduced the activity of Cdk2 (upper panel) at 48 and 72 hours and Cdc2
(lower panel) especially at 72 hours.
acute immune-mediated injury [22]. However, the mech-
anisms underlying the inability of podocytes to prolifer-
ate following chronic forms of injury are not clear. In
many forms of glomerular and tubulointerstitial injury,
an increase in intraglomerular capillary pressure is the
final common pathway to the development of glomerulo-
sclerosis, by causing mechanical stress to the resident
glomerular cells. Accordingly, we examined the effects
of increased stretch on podocyte proliferation in a cell
culture model of mechanical stress.
The first major finding in this study was that mechani-
cal stress reduces podocyte proliferation in vitro. Our
results showed that when grown in the presence of serum
(a source of growth factors), stretching podocytes re-
duced DNA synthesis and cell number compared to con-
trol podocytes grown under identical, but non-stretched
(static) conditions. FACS analysis showed that stretch
arrested podocytes at the G1/S phase of the cell cycle.
The reduction in proliferation was not due to an increase
in apoptosis or cell detachment, as neither increased at
Fig. 6. mRNA levels for cell cycle proteins in static () and stretched the time points studied. Moreover, cell number did not
() podocytes at 24 hours. (A) RNAse protection assay. The mRNA decrease in stretched cells compared to baseline. The
levels of stretched () and static () cells were measured by RNAse
effect of mechanical stretch on proliferation has beenprotection assay. Stretch reduced the mRNA levels for cyclins D1, A
and B1, Cdk4, Cdk2, Cdc2 and p21 compared to control. Stretch in- examined in other cell types. In contrast to podocytes,
creased the mRNA levels for p27 and cyclin D3. There was no change stretch increases proliferation in mesangial cells [6] and
in cyclin D2 mRNA levels. Stretch had no effect on the levels of the
juvenile vascular smooth muscle cells [29]. However,housekeeping genes GAPDH and L32. (B) Densitometric analysis of
mRNA levels. The changes in mRNA levels were quantitated using a stretch decreases proliferation in adult rat vascular
phosphoimage analyzer, and the individual signal/GAPDH ratios are smooth muscle cells [30]. In experimental and humanshown (*P  0.001). The results shown are the average of four experi-
disease, studies have shown that podocytes have the abil-ments performed.
ity to engage the cell cycle, and in some instances, un-
dergo DNA synthesis [31]. Yet, the podocyte number
typically does not increase [32]. Thus, the novel findingglomerulosclerosis [3, 17]. Thus, delineating the mecha-
in this study that podocyte proliferation is decreasednisms that regulate podocyte proliferation is of funda-
following stretch provides a potential mechanism ex-mental importance to our understanding of glomerulo-
plaining the lack of proliferation in diseases associatedsclerosis. We and others have focused on the mechanisms
that prevent or reduce podocyte proliferation following with glomerular hypertension.
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though the protein expression of Cdk2 and Cdc2 have
been shown to be constant throughout the cell cycle in
vitro in transformed non-renal cell lines [35], we show
here that stretch decreases the protein expression of
Cdk2 and Cdc2. Moreover, stretch also decreased the
activity of Cdk2 and Cdc2. The decrease in mRNA and
protein expression was not simply due to degradation,
because the respective levels of the housekeeping genes
remained unchanged.
Cyclin dependent kinase-inhibitors reduce cell cycle
progression and proliferation by binding to cyclin-CDK
complexes. The Cip/Kip family of CDK-inhibitors (p21,
p27, p57) bind G1- and S-phase cyclin/CDK complexes
[24], and p21 also inhibits G2/M-phase complexes [36].
A third major finding in this study was that mechanical
stretch causes a differential increase in the levels of the
Cip/Kip family of CDK-inhibitors. The mRNA and pro-
tein levels for p21 increased rapidly (within 6 hours) and
transiently following stretch, preceeding the increase in
the other CDK-inhibitors. Stretch also caused an increase
in the mRNA and protein levels of the CDK-inhibitor
p27 at 24 hours. Finally, mechanical stress caused an in-
crease in the mRNA levels of the third member of the
Cip/Kip family of CDK-inhibitors p57 at 72 hours.
There is a large body of literature showing a role for
CDK-inhibitors in limiting renal and non-renal cell pro-
liferation [37]. Complement (C5b-9) induced injury to
podocytes in the passive Heymann nephritis model of
membranous nephropathy is associated with an increase
Fig. 8. Mechanical stretch increases p57 mRNA levels. The mRNA in p21 and p27, and this coincides with a lack of prolifera-
levels for p57 were measured by RT-PCR. Stretch () increased the tion in this model [22]. Moreover, immune-mediated in-mRNA levels for p57 (MW 250 bp) at 72 hours compared to control
jury in p21/ [38] and p27/ [39] mice is associatedcells grown under static () conditions. Stretch had no effect on the
mRNA levels of the housekeeping gene GAPDH (MW 309 bp). The with increased podocyte proliferation. In human glomer-
first lane shows the molecular weights markers. The last lane shows the ular disease, podocyte proliferation in collapsing and cel-negative control to exclude contamination.
lular FSGS is associated with a decrease in p27 and
p57 levels [40]. A recent study showed that stretching
vascular smooth muscle cells increased p21 but not p27
A recent study by Endlich et al also utilized a similar levels [30]. However, the expression of cyclins and p57
cell culture model to delineate how stress affects the were not reported in this study. Interestingly, laminar
cytoskeleton of podocytes [33]. The authors showed that stress also increases p21 expression in endothelial cells
stretching podocytes decreased transversal stress fibers [41]. Because our results showed that p21 levels in-
and formed an actin-rich center. Taken together, the creased early compared to other members of the CDK-
results of the current study stretching podocytes in vitro inhibitor family, we studied podocytes derived from
provides a unique opportunity to determine the mecha- p21/ mice. Indeed, our results showed that prolifera-
nisms underlying podocyte injury that cannot be readily tion was not inhibited in p21/ cells exposed to stretch,
addressed in vivo. However, it should be noted that it confirming a role for CDK-inhibitors in stretch induced
remains unknown exactly how mechanical stress affects antiproliferation in podocytes.
podocytes in vivo. In summary, our study shows, to our knowledge for
The second major finding in this study was that stretch the first time, that proliferation is reduced in podocytes
decreases the expression of positive cell cycle regulatory undergoing mechanical stress in the form of stretch. This
proteins in podocytes. We and others have shown that was associated with an increase in the expression of the
cell proliferation requires that cyclins bind to and acti- CDK-inhibitors p21, p27 and p57. A role for specific
vate partner cyclin dependent kinases (CDK) [13, 34]. CDK-inhibitors was shown when proliferation was not
Our current study shows that stretch decreased the reduced in p21/ podocytes exposed to stretch. We
propose that in conditions of increased intraglomerularmRNA and protein levels for cyclins D1, A and B. Al-
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Fig. 9. Flow cytometry analysis in p21/ podocytes in static (A, C, E) and stretched (B, D, F ) p21/ podocytes.
capillary pressure (glomerular hypertension), mechani-
cal stress exerted on podocytes causes a decrease in pro-
liferation, and thereby underlies the development of glo-Table 2. Phases of the cell cycle
merulosclerosis.
24 hours 48 hours 72 hours
Cell cycle
phases Baseline      
G0/G1 44.8% 26.6% 24.7% 33.3% 33.6% 48.4% 49.3% ACKNOWLEDGMENTS
S 27.6% 46.3% 48.2% 33.8% 35.8% 22.2% 22.4%
G2/M 27.6% 27.1% 27.1% 32.9% 30.6% 29.4% 28.3% This study was supported by Public Health Service grants (DK34198,
DK52121, DK51096, DK56799) and a George M. O’Brien Kidney Re-Stretch did not change the phases of the cell cycle in p21/ podocytes
search Center Grant (DK47659). A.T. Petermann was supported bycompared to static p21/ podocytes at each time point. Thus, stretch did not
reduce cell cycle progression and proliferation in p21/ podocytes. a grant from the Deutsche Forschungsgemeinschaft.
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